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ABSTRACT 


This thesis addresses the prototyping, measurement and validation of two 
cireularly polarized mierostrip pateh antennas designed by LTJG Mahmut Erel for the 
NPSAT-1. The antenna system (reeeive and transmit), eonsisting of two antennas on a 
ground plane and their feed systems, was field-tested. The results were eompared to the 
CST® Mierowave Studio™ Finite Differenee Time Domain (FDTD) software paekage 
predietions in order to verify that this design satisfies the NPSAT-1 requirements for 
bandwidth, free-space radiation pattern and low-profile shape. 
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EXECUTIVE SUMMARY 


The purpose of this thesis is to prototype and to validate by measurements, the 
design of two eircularly polarized mierostrip patch antennas for the Naval Postgraduate 
School Spacecraft Architecture and Technology Demonstration Satellite (NPSAT-1). The 
original design of the antennas was completed by LTJG Mahmut Erel using the CST® 
Microwave Studio™ Finite Difference Time Domain (FDTD) software package. 

As the initial step of this research, the receiving and the transmitting antennas of 
NPSAT-1 and their feed systems were constructed. To compare the FDTD software 
results detailed in Ref 1 with measured data, tests were conducted in two parts. In the first 
part where the antenna system was tested without the NPSAT-1 body model, the results 
were significantly close to the FDTD software results. Since software predictions were 
for circular polarization, the test data, which contains only linear polarization, should be 
approximately 3 dB below predicted values. However, due to frequency limitations of the 
anechoic chamber, the measured data contained multipath effects, which resulted in in¬ 
creased gain levels, mainly on one side of the antenna beam. The tests showed that the 
mean values for the 0-dB and the 3-dB beamwidths for the receiving antenna, including 
two different polarizations, were 93.5° and 65.5°, respectively. For the transmitting 
antenna these values were 92.8° and 70.3°. The comparison of these values with predic¬ 
tions was made after accounting for multipath effects. Because of the multipath effects 
(electromagnetic reflections from the interior of the anechoic chamber) and since the 
differences between measured and estimated gain levels are far more prominent for hor¬ 
izontal polarization (HPOF) than for vertical polarization (VPOF), the values measured 
for HPOF have not been included in the comparison. Similarly, only the calculated total 
field magnitude and Feft-Hand Circularly Polarized (FHCP) field magnitude values were 
included, since FHCP is the preferred polarization type for NPSAT-1. The results for the 
receive antenna show that the mean value for the 0 dB beamwidth was 78.3° while the 3- 
-dB beamwidth predicted mean value was 99.3°. Also, the 3-dB beamwidth value was 
52.6° for the measured data and 78° for the calculated data for the receiving antenna. The 
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average value of the 0-dB beamwidth for the measured data was 21.1% lower than the 
predicted value, while the 3-dB beamwidth for the measured data was 32.4% lower than 
the predicted value. Furthermore, the mean value for the maximum measured gain was 
4.72 dB, while the predicted value was 6.93 dB. This shows a 31.8% (2.21 dB) difference 
between measured and predicted values. For the transmitting antenna, the mean values of 
the 0-dB beamwidth for the measured and for the computed data were 82.6° and 108.3° 
respectively. The difference is 23.7%. For the 3-dB beamwidth these values are 57.6° and 
88° respectively, the difference is 34.4%. In addition, the mean values for the maximum 
gain were 6.63 dB for the measured data and 8.42 dB for the calculated data, with a 
difference of 21.2% (1.79 dB). The theoretical difference, for pure LHCP and linear 
polarization measurements without multipath, should have been exactly 3 dB. Therefore, 
the peak gain measurements are close (less than 1.21 dB) to the predicted values. In 
addition to gain measurements, VSWR values were also measured and compared. 
Measured VSWRs for the prototype antennas are 1.89 for the transmitting antenna and 
1.77 for the receiving antenna, compared to computer-predicted values of 2.00 and 1.86, 
respectively. Hence, 5.56% improvement in the transmitting antenna VSWR and 4.98% 
improvement in the receiving antenna VSWR were observed. All of these results detailed 
above verified that Erel’s design satisfied the NPSAT-1 requirements. 

In the second part of the experiment, the antennas were installed on the NPSAT-1 
body model, which was made from wood and heavy aluminum foil. The main effect of 
the body model was observed on the main lobe and the side lobe gain levels. The main 
lobes were widened and flattened due to the electromagnetic reflection from the surface 
of the satellite body. This resulted in at least 2-dB reduction in maximum gain. Similarly, 
the mean and the standard deviation for the 0-dB beamwidth decreased by 2.5% and 
10.9%, respectively. For the 3-dB beamwidth, these values also decreased by 1.65% and 
41.4% respectively. In summary, the body model of NPSAT-1 affected the antenna 
beamwidths favorably by providing more uniform coverage regardless of the satellite 
orientation. 

In conclusion, the field tests and FDTD software models met the NPSAT-1 antenna 
system design goals. In addition to the pre-launch specification of fitting into the EPAS 



canister, the antenna system design satisfies the NFS AT-1 requirements on impedanee 
bandwidth, low profile eonfiguration, and broad eoverage radiation pattern. The SWR 
values are also within the NPSAT-1 requirement of maximum SWR of 2:1. Therefore, 
this design eanbe accepted as the NPSAT-l’s antenna system. 
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I. INTRODUCTION 


A. OBJECTIVES 

The objective of this thesis is to validate the antenna design for the Naval Post¬ 
graduate School Spacecraft Architecture and Technology Demonstration Satellite 
(NPSAT-1) antenna system. LTJG Mahmut Erel was responsible for the original antenna 
design and employed the CST® Microwave Studio™ Finite Difference Time Domain 
(FDTD) software package to model the NPSAT-1 antenna system. [1] 

This thesis completes the NPSAT-1 antenna design effort with the actual antenna 
construction and measurements. In addition to the FDTD software package, individual 
antenna prototypes and a 1:1 scale model of the NPSAT-1 satellite were used. In order to 
achieve more accurate and reliable results, the horn antennas that will be installed in the 
NPSAT-1 Ground Control Station were also used during the tests. 

The measurements include antenna radiation patterns, input impedance and 
polarization. The radiation pattern data and associated power gains will be used by the 
Ground Control Station in controlling NPSAT-l’s attitude and data transfer during orbit. 


B, BACKGROUND 

1. The NPSAT-1 Project 

NPSAT-1 will be a small, economical and lightweight technology demonstration 
research satellite. Its primary mission is to conduct a number of experiments for the 
Naval Research Faboratory (NRF) and the Naval Postgraduate School (NPS). Two of 
these experiments will include NRF payloads, the coherent electromagnetic radio tomog¬ 
raphy (CERTO) and a Fangmuir probe. The CERTO experiment is used to measure the 
total electron content (TEC) in the ionosphere. The Fangmuir probe will augment 
CERTO data by providing in-orbit measurements. The information collected will assist in 
designing the U.S. Navy’s next generation communication satellites. The other exper¬ 
iments are of NPS origin. These include a novel design for (1) a spacecraft computer 

board and (2) a commercial, off-the-shelf (COTS) visual imager (VISIM) which is a 
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digital camera, a configurable proeessor experiment (CPE), solar cell measurement sys¬ 
tem (SMS) and a three-axis miero-eleetromechanical systems (MEMS)-based rate gyro. 

NPSAT-l’s primary mission is also to exposeNPS students to the full life-cycle 
development of a spaee system. Some of the primary objeetives of this projeet are as 
follows: 

• To provide spaeeeraft development on a low budget 

• To give officer students experience in its design, development, integration, 
and testing 

• To provide students with in-orbit operations and flight operations experi- 
enee while at NPS. 

NPS AT-1 will demonstrate COTS teehnology in spacecraft architecture as a 
means of deereasing development time and inereasing reliability in software develop¬ 
ment. It will also provide a space platform for future scientifie experiments. In addition, 
NPS AT-1 will also demonstrate new teehnologies, such as nonvolatile ferroeleetric RAM 
(which is inherently radiation tolerant), advaneed triple-junetion (ATI) solar cells, 
SONY® US18650S Eithium-ion batteries and a COTS-based, Personal Computer (PC) 
compatible eommand and data handling subsystem. 

A group of full-time engineers, employed by the Space System Academic Group 
(SSAG) at NPS, supports this innovative and challenging project. Many NPS thesis stu¬ 
dents, who will continue to participate in this effort, will be assisting these engineers 
when NPS AT-1 nears its final preparations and tests for the earliest launch in March 
2006. Eigure 1 illustrates the NPSAT-1 with its antennas. 

2. Spacecraft Description 

The satellite weighs 180 pounds, and is a 12-sided eylindrical polygon that is 
approximately 34 inches long and 20 inches in diameter. As a part of the Department of 
Defense (DOD) Spaee Test Program (STP) MEV-05 Delta IV mission, NPSAT-I will be 
jettisoned via an Evolved Expendable Eauneh Vehicle (EEEV), using an EEEV Second¬ 
ary Payload Adapter (ESPA) eanister. Then the satellite will be inserted into a circular 
Eow Earth Orbit (EEO) of 560 km ±10 km altitude with 35.4° inclination. 
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Figure 1. NPSAT-1 with Antennas 

NPSAT-1 is being construeted of a robust 6061-T6 aluminum frame and panels 
and will be anodized and thermally proteeted after integration at the flight site. Triple 
junction solar cells, which are calculated to have at least 24% efficiency, will be attached 
to the sides of the spacecraft to power the satellite as it tumbles in orbit. The top and 
bottom of the spacecraft will not have solar cells attached to them, since the antennas will 
be placed there. 

NPSAT-1 will have a full-duplex Gaussian-filtered Minimum Shift Keying 
(OMSK) communication system. OMSK modulation has been chosen because of its 
excellent power and spectral efficiencies. Even though the pre-modulation of the Gauss- 
ian-filtering introduces inter-signal interference (ISI) in the transmitted signal, the deg¬ 
radation is not severe if the 3-dB bandwidth-bit duration product of the filter is greater 
than 0.5. GMSK sacrifices the irreducible error rate caused by partial response signaling 
in exchange for extremely good spectral efficiency and constant envelope properties [2]. 
The transmit frequency and the receive frequency for this communication system are 

2207.3 MHz and 1767.565 MHz, respectively. The satellite will be able to store up to 256 
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MB of memory, and to send and reeeive messages at the rate of 100 kilobits per second 
as it passes overhead. Figure 2 shows an expanded view of NPSAT-1 and its subsystems. 
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Figure 2. Expanded View of NPSAT-1 and Its Subsystems [from NPSAT-1 Team] 
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C. TESTING METHODOLOGY 

The initial step of this researeh eonsisted of construeting the antennas and feed 
system designed by LTJG Mahmut Erel. Details of this design and specifications for the 
antennas can be found in Chapter II. 

After the antennas and the feed system were constructed, they were integrated 
onto a I;I scale model of NPSAT-1, made from wood and heavy aluminum foil. This 
model was then field-tested. The primary goal was to match the antenna impedances to 
50 Q with a Standing Wave Ratio (SWR) of less than or equal to 2:1. This process is de¬ 
scribed in detail in Chapter III. 

Once the prototyping and testing were completed, the data was compared to the 
FDTD software package results in order to verify that this design satisfied the NPSAT-1 
requirements for bandwidth, free-space radiation pattern and low-profile shape. These 
comparisons are detailed in Chapter IV. 


5 
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II. DESIGN DETAILS AND ANTENNA SPECIFICATIONS 


In this chapter, the computer-based design of the NPSAT-1 antennas is described 
in detail. This includes the design speeifications based upon the NPSAT-1 system re¬ 
quirements, the resulting antenna design concept and dimensions, as well as a brief 
introduction to the prototyping phase. 


A, DESIGN DETAILS 

The design of the antenna elements was constrained by the following 
requirements: 

• The NPSAT-1 must fit into an Evolved Seeondary Payload Adapter 
(ESPA) eanister, unimpeded by antennas 

• Due to the eonstant motion of the satellite and the Ground Control 
Station’s linearly polarized antennas, NPSAT-1 antennas must provide 
cireular polarization 

• Antenna assembly must be light and simple for repeated construction 

• Antennas must have a radiation pattern wide enough to prevent coverage 
loss if the satellite loses its direetional capability 

• The antennas should not dissipate any power, that is, the antennas should 
radiate efficiently. 

In order to satisfy these requirements, the design depieted in Eigure 3 was chosen. 
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(a) The Receiving (left) and the Transmitting Antenna (right) for the Top Side of the 

Satellite 



(b) The Receiving (left) and the Transmitting Antenna (right) for the Bottom Side of the 

Satellite 


Figure 3. NPSAT-1 Antenna System [from Ref.l] 

The antenna elements, once integrated onto NPSAT-1, must fit within the EPAS 
canister. The clearance between the spacecraft and the interior sides of the canister is ap¬ 
proximately two inches. Therefore, a flat antenna design is necessary. 
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Because of the mechanical restrictions, a patch antenna design was preferred to 
meet the requirements for polarization, efficiency and radiation pattern. As illustrated in 
Figure 3, this configuration consisted of a ground plane and two relatively small metal 
plates, called patches, which will function as uplink and downlink antennas. A circular 
ground plane was the choice to best fit on the top and the bottom of the satellite. The 
greatest challenge was to determine the actual shape and dimensions of the patches. 

From the circularly polarized patch designs detailed in Ref 3, an elliptical shaped 
patch antenna was chosen. These copper elliptical patches (one is the transmitter and the 
other is the receiver) were placed on an aluminum ground plane with optimum surface 
area, while providing maximum clearance from each other and from the edges of the 
ground plane. This was accomplished by rotating the antennas 45° counterclockwise 
around their respective centers. The actual antennas on the aluminum ground plane 
mounted on the NPSAT-1 model are shown in Figure 4. 



Figure 4. Patch Antennas and Ground Plane 


Coaxial cables provided the feeds for both antennas. These cables were first at¬ 
tached to the bottom of the ground plane with SMA connectors. The positions of the 
feeds relative to the patch centers were carefully chosen to simultaneously achieve good 
impedance match and circular polarization. Hence, they were placed 45° diagonally from 
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the main axes of the ellipses. A Teflon dielectric substrate was inserted between the 
patches and the ground plane to provide patch support and to increase the mechanical 
strength. One metal screw (“posf’) per patch was used to improve the impedance band¬ 
width and to maintain mechanical rigidity of the antennas, and was placed opposite to the 
feed points. Figure 5 shows a detailed picture of the feed connection. 


FalrJt 


Sultitva-» 





_ _ fliwmul piimB 

STVLA CcffliteftCT 

Figure 5. Feed System and SMA Connection 



Another important issue regarding the antenna design was obtaining a radiation 
pattern that provides adequate coverage towards the earth. That is, the spacecraft must 
receive and transmit signals at any given time, for a wide range of satellite orientations. 
This was accomplished by using microstrip patch antennas that have nearly hemispher¬ 
ical radiation patterns. In the nominal case, where the Attitude Control Subsystem (ACS) 
maintains the satellite in the nadir-pointing direction properly, only the nadir-pointing 
(bottom) antennas will be used. Figure 6 illustrates the NPSAT-l’s predicted attitude. 
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F igure 6. NP SAT -1 ’ s Predicted Attitude. 


However, in the event that the satellite loses its pointing capability, the antenna 
system must function in either the nadir-pointing direction or in the zenith-pointing 
direction. To ensure that this criterion is met, two separate antenna groups based on the 
same design will be installed on the satellite. Because the VISIM digital camera will be 
placed on the bottom of the satellite, the bottom antenna group was designed to have a 
different ground plane, with a four-inch hole in the center. 

B. ANTENNA SPECIFICATIONS AND DIMENSIONS 

After numerous trials to meet all the mechanical and electrical requirements, the 
dimensions in the following tables were designated as final design parameters. 
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CYLINDRICAL ALUMINUM GROUND PLANE (for both antennas) 

Diameter 

32 cm 

Hole diameter (for the bottom antenna) 

12 cm 

Thickness 

0.636 cm 

ELLIPTICAL PATCH ANTENNA 

Short Axis (along X-direction) 

7.293 cm 

Long Axis (along Y-direction) 

8.509 cm 

Thickness 

0.318 cm 

DIELECTRIC TEFLON SUBSTRATE 

Short Axis (along X-direction) 

7.293 cm 

Long Axis (along Y-direction) 

8.509 cm 

Thickness 

0.6 cm 

CYLINDRICAL COPPER POST 

Diameter 

0.5 cm 

Height 

0.7 cm 

COAXIAL CABLE (50 OHMS) 


Outer Radius 

Inner Radius 

Height 

Coax Center (PEC) 

0.056 cm 

- 

1.868 cm 

Coax Dielectric (Teflon) 

0.184 cm 

0.056 cm 

1.318 cm 

Coax Shield (PEC) 

0.313 cm 

0.184 cm 

1 cm 

TEFLON MOUNTING SCREW 

Diameter 

0.15 cm 


Table 1. The NPSAT-1 Reeeiving Antenna Dimensions. 
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CYLINDRICAL ALUMINUM GROUND PLANE (for both antennas) 

Diameter 

32 cm 

Hole diameter (for the bottom antenna) 

12 cm 

Thiekness 

0.636 cm 

ELLIPTICAL PATCH ANTENNA 

Short Axis (along X-direction) 

5.66 cm 

Long Axis (along Y-direetion) 

6.6 cm 

Thiekness 

0.318 cm 

DIELECTRIC TEFLON SUBSTRATE 

Short Axis (along X-direction) 

5.66 cm 

Long Axis (along Y-direction) 

6.6 cm 

Thickness 

0.6 cm 

CYLINDRICAL COPPER POST 

Diameter 

0.5 cm 

Height 

0.7 cm 

COAXIAL CABLE (50 OHMS) 


Outer Radius 

Inner Radius 

Height 

Coax Center (PEC) 

0.056 cm 

0 cm 

1.868 cm 

Coax Dielectric (Teflon) 

0.184 cm 

0.056 cm 

1.318 cm 

Coax Shield (PEC) 

0.313 cm 

0.184 cm 

I cm 

TEFLON MOUNTING SCREW 

Diameter 

0.15 cm 


Table 2. TheNPSAT-1 Transmitting Antenna Dimensions. 


C. PROTOTYPING 

In his thesis, LTJG Mahmut Erel verified the final designs for the two antennas by 
using the FDTD software paekage. Aeeording to Ref.l, all parameters met the prereq¬ 
uisites of the NPSAT-1 antenna system. However, the antenna designs had to be valid¬ 
ated by measurements. Therefore, all the antenna elements deseribed in this ehapter were 
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constructed, integrated and attaehed to the NPSAT-1 body model. The testing method 
and the results are discussed in Chapter III. 

This chapter has detailed the dimensions of NPSAT-l’s antennas and the impact 
of the satellite’s physieal constraints on the design details. 
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III. PROTOTYPE MEASUREMENTS 


In this chapter, the testing methodology and results of tests for the two antenna 
prototypes are detailed. Tests were conducted using the top antenna eonfiguration shown 
in Figure 3a. Beeause the added mechanical strength was not needed for the tests, the 
plastie screw holes on the patehes were not implemented. 


A, SWR MEASUREMENTS OF THE ANTENNA PROTOTYPES 

The SWR, also known as VSWR, is a mathematical expression of the non-uni¬ 
formity of eleetromagnetic field intensity on a transmission line such as coaxial cable. 
Usually, SWR is defined as the ratio of the maximum radio-frequency (RF) voltage to 
the minimum RF voltage along the line. The SWR can also be defined as the ratio of the 
maximum RF current to the minimum RF current on the line [4]. The SWR indicates how 
much of the electromagnetie energy is transferred to the load and how much is reflected 
from the end of the transmission line. The SWR is caleulated as 


SWR 


1- r 
i + |r 


(3.1) 


F = 


Z -Z 

in _ o_ 

Z +Z ' 

in o 


(3.2) 


where F is the reflection coefficient, Z^ is the charaeteristic impedanee of the line 
conneeted to the load input, and Z.^ is the input impedance of the load. 

In the ideal ease, in which the load and the line impedanees are identical, the 
SWR is equal to 1. However, since the antenna input impedance in general has a reaetive 
component and the real part of the antenna input impedance varies with frequeney, the 
SWR is, in practice, always greater than 1. For NPSAT-1, the SWR requirement is a 
maximum value of 2:1. 

The SWR measurements of the prototype antennas were performed using the 
Hewlett-Paekard® (HP) 85 IOC Network Analyzer and the HP 8517A S-parameter Test 
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Set. The Network Analyzer was used to measure the refleetion coeffieient and to 
ealculate the SWR of the antennas while the S-parameter Test Set simulated the cali¬ 
brated transmission line. For the transmitting antenna, operating at 2207.3 MHz, the 
SWR from S-parameter measurements was 1.89, and for the receiving antenna, the SWR 
was 1.77. Since the required 300 kHz bandwidths for the two antennas are narrow rel¬ 
ative to the center frequency, the S-parameter values measured over the required band¬ 
width were essentially constant and the SWRs were effectively equal to the above values. 
Both antenna prototypes satisfied the NPSAT-1 SWR requirement of 2:1 or lower over 
their operating frequency ranges. 


B, RADIATION PATTERN MEASUREMENTS 

All tests detailed here were performed in three major steps, as outlined below. 

1, The Antenna-Under-Test (AUT) and Anechoic Chamber Calibrations 

The anechoic chamber is a specifically designed and constructed facility for an¬ 
tenna measurements and electromagnetic interference (EMI) testing. The walls of the in¬ 
terior chamber are fabricated from special conducting wallboard with an overlay of mi¬ 
crowave frequency absorber (blue foam). Figure 7 illustrates the interior of the NPS an¬ 
echoic chamber. 

The anechoic chamber test facility consists of the following equipment: 

• HP® 85IOC Network Analyzer (45 MHz to 50 GHz) 

• HP® 8511A Frequency Converter (45 MHz to 26.5 GHz) 

• HP® 8348A Microwave Amplifier (+20 dBm RF max. at 2 GHz to 26.5 

GHz) 

• HP® 83631A Synthesized Sweeper (45 MHz to 26.5 GHz) 

• National Instruments® Fab VIEW™ 5.1a Software 
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Figure 7. Interior of the Aneehoie Chamber. 


Aneehoie ehamber measurements require a ealibration to determine the gain 
levels measured by the Network Analyzer. This was aeeomplished by using two perfeetly 
matched, equal gain standard horn antennas. One of the antennas was placed into position 
to illuminate the other horn antenna. A complete test was performed and the maximum 
signal at the receive antenna was measured as -4 dB, a relative system signal. This value 
represented the receive and the transmit antennas’ nominal maximum gains of 10 dB. 
Hence, a difference of 14 dB was added to all measured values for the patch antennas. 

The measured pattern of the 10-dB standard gain antenna is depicted in Figure 8. 

After the antenna-under-test (AUT) was calibrated, a wooden support for the an¬ 
tennas was constructed so that the center of the ground plane and the center of the horn 
antenna were on the same line, within one-inch, and approximately 20 feet (6.1 m) apart 
from each other. This distance satisfied the minimum far field requirement of 3.652 m. 
This calculation was made by using the far field distance formula; 


Far Field Distance > 


2xD" 


(3.3) 
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where D is the largest dimension of the source and X is the operating wavelength. Hence, 
the minimum far field distance was found as 


^ , ^ 2x(0.4984)" 

Far Field Distance >-= 3.652 m. 

0.136 


Q IIP l|ll|ll 11IP l|ll|ll 11 l|ll|ll|ll IP l|ll|ll 11 l|ll|ll|ll IP l|ll|ll 11IP l|ll|ll 11 l|ll|ll|ll ipi|ll|ll IMP l|ll|ll 11 l|ll|ll|llipi|ll|ll 11111111111111111111111111111111111 
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Theta (Degrees) 

Figure 8. The Measured Radiation Pattern of the 10-dB Standard Gain Horn Antenna. 


Additional calculations were performed to ensure that the measured antennas 
remained within the 1-dB beamwidth of the illuminating horn antenna, while rotating 
through the 6 angle. From Fig. 8, the 1-dB beamwidth was determined to be approx¬ 
imately 39°. At a distance of 6.1 m where the prototype antennas were placed, this beam 
was 4.4 m wide, so the rotating receiving antenna was always within the 1-dB beamwidth 
of the illuminating horn antenna. 
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Another issue was the polarization of the antennas. Sinee patterns generated by 
the satellite antennas have both vertically and horizontally polarized components (VPOL 
and HPOL), each component was observed separately for each antenna. This was accom¬ 
plished by rotating the horn antenna axis by 90°. 

2, Measurements without the NPSAT-1 Body Model 

This set of measurements compared measured patterns with those from the FDTD 
software results of Ref. 1, using a reference coordinate system shown in Figure 9. 


Q3 


Direction of 
the rotation 


To horn 



Figure 9. Reference Coordinate System for Prototype Measurements. 
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a. Test Results for the Receiving and Transmitting Antennas with 
the Horn Antenna Vertically Polarized (VPOL) 

(1) The Antennas Aligned along the Y-axis. The receiving and 

the transmitting antenna alignments during these tests are depicted in Figure 10. Note 

that two variations of antenna placement (the transmitting antenna in the upper position, 

the receiving antenna in the lower position, and vice versa) were tested. 



Figure 10. Antenna Test Alignments for the Receiving Antenna {<T> = 90°) and the 

Transmitting Antenna {<P = -90°) 


Figure 11 shows the polar plots of the radiation patterns, with the 
gain in dB relative to an isotropic radiator, for the vertical polarization, in free-space. 
The polar plots, with the angle measured from the z-axis (the axis normal to the patch 
antenna surface, see Figure 9), show that the radiation is focused in the desired half¬ 
space, away from the satellite, and that transmit and the receive antennas have 
comparable performance. 
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Figure 11. The VPOL Free-spaee Radiation Patterns of the Reeeiving 
Antenna {0 = 90°) and the Transmitting Antenna {0 = -90°) 


(2) The Antennas Aligned along the X-Axis. The receiving 
and the transmitting antenna alignments during these tests are illustrated in Figure 12. 
This was the second alignment tested during the experiments. In this alignment, the 
receiving antenna is aligned at (P = 0° and the transmitting antenna is at (P = 180°. 



Figure 12. Antenna Test Alignments for the Receiving Antenna (0 = 0°) and the 

Transmitting Antenna (0 = 180°) 


21 









Figure 13 shows the radiation patterns, with the gain in dB relative 
to an isotropic radiator, for the vertical polarization, in free-space, with the alignment 
shown in Figure 12. The polar plots in Figure 13 show that the radiation is focused in the 
desired half-space, away from the satellite, and that transmit and receive antennas have 
comparable radiation patterns, consistent with previously tested alignments. 



Figure 13. The VPOL Free-space Radiation Patterns for the Receiving 
Antenna (tP = 0°) and the Transmitting Antenna (tP = 180°) 


(3) The Antennas Aligned with a Left 45° Offset. Figure 14 
illustrates the receiving and the transmitting antenna alignment during these tests. This 
was the third alignment tested during the experiments. In this alignment, the receiving 
antenna is aligned at 0= 135° and the transmitting antenna is at = -45°. 
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Figure 14. Antenna Test Alignments for the Receiving Antenna (tP = 135°) and the 

Transmitting Antenna = -45°) 


Figure 15 shows the radiation patterns, with the gain in dB relative 
to an isotropic radiator, for vertical polarization, in free-space, with the alignment shown 
in Figure 14. The polar plots in Figure 15 show that the radiation is focused in the 
desired half-space, away from the satellite, and that transmit and receive antennas have 
comparable radiation patterns. The performance of the antennas remains consistent as 
alignment changes. 
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Figure 15. The VPOL Free-space Radiation Patterns of the Reeeiving 

Antenna (fp = 135°) and the Transmitting Antenna (tP = -45°) 


b. Test Results for the Receiving and Transmitting Antennas with 
the Horn Antenna Horizontally Polarized (HPOL) 

(1) The Antennas Aligned Along the Y-axis. The reeeiving 

and the transmitting antenna alignment during these tests are depicted in Figure 10. 

Figure 16 below shows the resulting horizontally polarized free-space radiation patterns 

at that alignment. Despite the change from vertical to horizontal polarization, the 

patterns remain consistent with the patterns observed for the vertical polarization, with 

radiation focused in the desired half-space (away from the satellite) for both antennas. 

The pattern consistency with polarization rotation is highly desirable for this application, 

because of the possible satellite attitude change relative to the ground station antennas. 
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Figure 16. The HPOL Free-spaee Radiation Patterns of the Reeeiving 
Antenna (tP = 90°) and the Transmitting Antenna (tP = -90°) 

(2) The Antennas Aligned Along the X-Axis. The receiving 
and the transmitting antenna alignment during these tests are illustrated in Figure 12. 
Figure 17 below shows the resulting horizontally polarized free-spaee radiation patterns 
at that alignment. The patterns remain consistent with the patterns for the vertical 
polarization, with radiation focused in the desired half-space (away from the satellite) for 
both antennas, and with the horizontal polarization patterns for the other alignments. 



Figure 17. The FIPOL Free-spaee Radiation Patterns of the Receiving 
Antenna (tP = 0°) and the Transmitting Antenna (tP = 180°) 
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(3) The Antennas Aligned with a Left 45° Offset. The 
reeeiving and the transmitting antenna alignment during these tests are illustrated in 
Figure 14. Figure 18 below shows the resulting horizontally polarized free-spaee 
radiation patterns at that alignment. The horizontal polarization patterns are consistent 
with the vertical polarization patterns, with radiation focused in the desired half-space 
(away from the satellite) for both antennas, and with the horizontal polarization patterns 
for the other alignments. 



Figure 18. The FIPOL Free-spaee Radiation Patterns of the Receiving 

Antenna (tP =135°) and the Transmitting Antenna (tP = -45°) 

3, Measurements with the NPSAT-1 Body Model 

In this phase of the tests, the antennas and the feed system were integrated onto a 
1:1 scale model of NPSAT-1, made from wood and heavy aluminum foil. The purpose of 
these tests was to observe the effects of NPSAT-1 on the antenna system. Since the sat¬ 
ellite will be constructed of a conducting material, total current distribution over the sur¬ 
face of the antennas may be affected. 
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a. Test Results for the Receiving and Transmitting Antennas on 
NPSAT-1 with the Horn Antenna Vertically Polarized (VPOL) 

(1) The Antennas Aligned Along the Y-axis. The reeeiving 

and the transmitting antenna alignment during these tests are depieted in Figure 10. 

Figure 19 below shows the resulting vertically polarized free-space radiation patterns at 

that alignment, with the angle as noted in Figure 19 below for the antennas. The 

patterns remain consistent with the performance of the prior experiments, with radiation 

focused in the desired half-space (away from the satellite) for both antennas. The 

satellite body therefore does not adversely affect antenna performance. 



Figure 19. The VPOL Free-space Radiation Patterns of the Receiving 

Antenna (fp = 90°) and the Transmitting Antenna (tP = -90°) on NPSAT-1 


(2) The Antennas Aligned Along the X-Axis. The receiving 
and the transmitting antenna alignment used during these tests are illustrated in Figure 12 
Figure 20 below shows the resulting vertically polarized free-space radiation patterns at 
that alignment, with the angle tP as noted in Figure 20 for the two antennas. The patterns 
remain consistent with the performance of the prior experiments, with radiation focused 
in the desired half-space (away from the satellite) for both antennas. 
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Figure 20. The VPOL Free-spaee Radiation Patterns of the Reeeiving 

Antenna (cP = 0°) and the Transmitting Antenna (0 = 180°) on NPSAT-1 

(3) The Antennas Aligned with a Left 45° Offset. The 
reeeiving and the transmitting antenna alignments during these tests are illustrated in 
Figure 14. Figure 21 below shows the resulting vertieally polarized free-spaee radiation 
patterns at that alignment, with the angle as noted in Figure 21 for the two antennas. 
The patterns remain consistent with the the prior experiments, with radiation focused in 
the desired half-space (away from the satellite) for both antennas. 



Figure 21. The VPOL Free-spaee Radiation Patterns of the Receiving 

Antenna (tP = 135°) and the Transmitting Antenna (tP = -45°) on NPSAT-1 
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b. Test Results for the Receiving and Transmitting Antennas on 
NPSAT-1 with the Horn Antenna Horizontally Polarized 
(HPOL) 

(1) The Antennas Aligned Along the Y-Axis. The reeeiving 
and the transmitting antenna alignments during these tests are depleted in Figure 10. 
Figure 22 below shows the resulting horizontally polarized free-space radiation patterns 
at that alignment, with the angle 0 as noted in Figure 22 for the two antennas. The 
patterns remain eonsistent with the performanee of the prior experiments, where 
polarization and alignment were varied, with radiation focused in the desired half-space 
(away from the satellite) for both antennas. 
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Figure 22. The FiPOL Free-space Radiation Patterns of the Receiving 

Antenna (fp = 90°) and the Transmitting Antenna (tP = -90°) on NPSAT-1 


(2) The Antennas Aligned Along the X-Axis. The receiving 
and the transmitting antenna alignment during these tests are illustrated in Figure 12. 
Figure 23 shows the resulting horizontally polarized free-space radiation patterns at that 
alignment, with the angle tP as noted in Figure 23 for the two antennas. The patterns 
remain consistent with the performance of the prior experiment, with radiation focused in 
the desired half-space (away from the satellite) for both antennas. 
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Figure 24. The FIPOL Free-space Radiation Patterns of the Reeeiving 

Antenna (tP = 135°) and the Transmitting Antenna (tP = -45°) on NPSAT-1 


Figure 23. The HPOL Free-spaee Radiation Patterns of the Receiving 

Antenna (0 = 0°) and the Transmitting Antenna (0 = 180°) on NPSAT-1 

(3) The Antennas Aligned with a Left 45° Offset. The 
receiving and the transmitting antenna alignment during these tests are illustrated in 
Figure 14. Figure 24 shows the resulting horizontally polarized free-space radiation 
patterns at that alignment, with the angle 0 as noted in Figure 24 below for the two 
antennas. The patterns remain consistent with the performance of the prior experiments, 
with radiation focused in the desired half-space (away from the satellite) for both 
antennas. 
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c. 


ANALYSIS AND SUMMARY 


In this Chapter, the test results of the prototype antennas’ SWRs, free-space rad¬ 
iation patterns and their assoeiated power gains have been presented. Tests were per¬ 
formed in three phases. 

First, the aneehoie chamber was prepared and calibrated. Second, the antenna 
prototypes were tested without using the satellite body model. Results show that both the 
transmitting and the receiving antennas have 0-dB beamwidth (angular aperture) from 
62° to 144° degrees, depending on the plane (azimuth cut) of the measurement. In 
addition, the maximum 3-dB beamwidth measured for the transmitting antenna was 107° 
(with the antennas in the 45° offset position), while for the receiving antenna the 
maximum beam-width was 116° (when the antenna was oriented horizontally). Mean 
values for the 0-dB and the 3-dB beamwidths for the receiving antenna, including two 
different polarizations, were 93.5° and 65.5°, respectively. For the transmitting antenna, 
these values were 92.8° and 70.3°. Standard deviations for the 0-dB beamwidth of the 
receiving and the transmitting antennas were 31.6° and 21.8°, respectively. For the 3-dB 
beamwidth, these values were 31.7° and 27.3°. Table 3 shows the 0-dB and 3-dB 
beamwidths for both antennas. Comparison of these results with the FDTD software 
results is detailed in Chapter IV. 
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Table 3. 0-dB and 3-dB Beamwidth for the Transmitting 
and the Receiving Antennas 


The antennas were installed on the NFS AT-1 body model for the final testing 
phase. The main effect of the body model was observed in the main lobe and the side- 
lobe gain levels. As shown in Figures 19 through 24, the main lobes of the antennas were 
widened and flattened, due to the electromagnetic reflection from the surface of the 
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satellite’s body. This resulted in at least a 2 to 3 dB reduction in the maximum gain level. 
Similarly, the mean and standard deviation values for the 0-dB beamwidth decreased by 
2.5% and 10.9%, respectively. For the 3-dB beamwidth, these values also decreased by 
1.65% and 41.4% respectively. In summary, the body model of the NPSAT-1 increased 
the antenna beamwidths, which is actually desirable for providing more uniform coverage 
regardless of the satellite orientation. Since any increase in beamwidth must come at the 
expense of reducing the maximum gain, there is a corresponding maximum gain decrease 
of approximately 3 dB. 

This chapter has presented the testing methodology and results of tests for the two 
antenna prototypes (receiving and transmitting). The antennas were initially tested, as 
designed, without the inclusion of the NPSAT-1 satellite body. They were re-tested with 
the portion of the satellite that can influence the characteristics of the antennas, as 
designed, showing the effects of the satellite body on the performance of the antennas. 
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IV. COMPARISON OF MEASURED AND COMPUTED 

RADIATION PATTERNS 


In this chapter, test results of the antenna radiation patterns without the satellite 
body included are compared with the FDTD software results from the initial antenna 
design as described in Ref 1. 

The eomparisons of antenna patterns are performed by presenting the measured 
data and the ealeulated data on the same graphs. The chamber used in this research was 
designed for higher frequencies than those of the NPSAT-1 system. As a result, the ab¬ 
sorber material used in the ehamber cannot reduce HPOL multipath adequately for these 
NPSAT-1 antennas. Therefore, only the measurements for the VPOL of the illuminating 
horn antenna were used in the comparison. The magnitudes of the total gain and the left- 
hand cireular polarization (LHCP) gain, predicted by FDTD, were compared to measured 
data. Since measurements were performed for linear polarization only, the measured 
maximum gain would be about 3 dB lower than the simulation results for the LHCP. 

The comparisons of the transmitting antenna results and the receiving antenna results 
were separated for readability. 
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A, 


COMPARISONS OF TRANSMITTING ANTENNA PATTERNS 


1, Comparison for 0 = -90° 

Comparison of the transmitting antenna prototype measurements with the FDTD 
software results is depieted in Figure 25. The measured antenna gain is eonsistent with 
the ealeulated absolute gain and ealeulated LHCP gain. Figure 25 indieates that the 
transmitting antenna prototype was consistent with the performance predicted by the 
FDTD software for vertical polarization, with alignment at cP = -90°. 


D 



Figure 25. VPOL Measured and Calculated Transmitting Antenna Gain for 0 = -90° 
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2, Comparison for 0 = -45° 

Figure 26 illustrates the comparison of the transmitting antenna measurements 
with FDTD software results. The measured antenna gain is consistent with the calculated 
absolute gain and calculated LFICP gain. Figure 26 indicates that the transmitting antenna 
prototype was consistent with the performance predicted by the FDTD software for 
vertical polarization, with alignment at = -45°. 



Figure 26. VPOL Measured and Calculated Transmitting Antenna Gain for 0 = -45° 
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3, Comparison for 0 = 180° 

Comparison of the transmitting antenna prototype measurements with FDTD 
software results is depicted in Figure 27. The measured antenna gain is consistent with 
the calculated absolute gain and calculated LHCP gain. Figure 27 indicates that the 
transmitting anteima prototype was consistent with the performance predicted by the 
FDTD software for vertical polarization, with alignment at (P = 180°. 
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Figure 27. VPOL Measured and Calculated Transmitting Anteima Gain for 0 = 180° 
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B. 


COMPARISONS OF RECEIVING ANTENNA PATTERNS 


1, Comparison for 0 = 90° 

Figure 28 illustrates the comparison of receiving antenna measurements with 
FDTD software results. The measured antenna gain is consistent with the calculated 
absolute gain and calculated LFICP gain. Figure 28 indicates that the receiving antenna 
prototype was consistent with the performance predicted by the FDTD software for 
vertical polarization, with alignment at = 90°. 


0 



Figure 28. VPOL Measured and Calculated Receiving Antenna Gain for 0 = 90° 
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2, Comparison for 0 = 135° 

Comparison of the receiving antenna measurements with the FDTD software 
results is depicted in Figure 29. The measured antenna gain is consistent with the 
calculated absolute gain and calculated LHCP gain. Figure 29 indicates that the prototype 
was consistent with the performance predicted by the FDTD software for vertical 
polarization, with alignment at (P = 135°. 
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Figure 29. VPOL Measured and Calculated Receiving Antenna Gain for (P = 135° 
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3, Comparison for 0 = 0° 

Figure 30 illustrates the comparison of the receiving antenna measurements with 
the FDTD software results. The measured antenna gain is consistent with the calculated 
absolute gain and calculated LHCP gain. Figure 30 indicates that the prototype was 
consistent with the performance predicted by the FDTD software for vertical polarization, 
with alignment at 0 = 0°. 
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Figure 30. VPOL Measured and Calculated Receiving Antenna Gain for 0 = 0° 


C. SWR COMPARISON 

In his thesis, LTJG Mahmut Erel detailed the process of meeting the VSWR 
requirement of the NPSAT-1. Figures 31 and 32 illustrate the predicted values for the 
VSWR. 
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Figure 31. Calculated VSWR vs. Frequency for the 
Receiving Antenna [From Ref.l] 
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Figure 32. Calculated VSWR vs. Frequency for the 
Transmitting Antenna [From Ref 1] 

Erel cites a VSWR of 2 for the transmitting antenna and 1.86 for the receiving 
antenna, at their designated center frequencies. The measured VSWR values for the 
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prototype antennas, discussed in Chapter III, are 1.89 for the transmitting antenna and 
1.77 for the receiving antenna. Hence, 5.56% improvement in the transmitting antenna 
VSWR and 4.98% improvement in the receiving antenna VSWR were observed. 


D, ANALYSIS AND SUMMARY 

In this section, the free-space radiation patterns and their associated gain levels, as 
well as the SWR results for the transmitting and the receiving antenna, are compared and 
examined. 


The anechoic chamber at NFS is specifically designed for experiments in the I- 
band and J-band (8-18 GHz). The radiation for operating frequencies of NPSAT-1 
antennas are too low to be completely absorbed by the absorbing material covering the 
chamber walls. Some multipath effects were observed, especially when the illuminating 
horn antenna is horizontally polarized. The multipath is formed by multiple electromag¬ 
netic waves arriving at the receiving antenna from directions other than line-of-sight 
(LOS). Due to this multipath, the electromagnetic field at the receiving antenna becomes 
a vector sum of the LOS signal and its phase-delayed and amplitude-scaled reflections. In 
this particular anechoic chamber at the operating frequency range of interest, the horizon¬ 
tally polarized signals generate more multipath than the vertically polarized signals. 
Equation 4-1 shows how the field at the receiving antenna differs from the free-space 
propagation values. 

F = + , (4.1) 

where the factor F is the path-gain factor, is the reflection coefficient, also 

known as F, ho is the wave number equal to InlX, and R 2 and R; are the path lengths of 
the reflected ray and the direct (LOS) ray respectively. In the formula above, the only 
unknown for the anechoic chamber is the reflection coefficient, pf"^. The reflection 
coefficients for vertical and horizontal polarization are given by 


^ - jx) sinip-^j/c- Jz) - cos V 

- jx) sin W + a/('^-7»-cosV 


vertical polarization (4.2) 
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horizontal polarization 


(4.3) 


^ smi//-^(/c-jz)-cos^ W 
sin y/ + ^j{K - jx)-cos^ y/ 

where J = cr/ coSq , and the angle that the refleeted ray forms with the normal to the 
refleeting surfaee is denoted y/. For typieal outdoor environments, the eonduetivity a may 
range from 10^^ to 3-10^^ Seimens while typieal values for dieleetrie eonstant k are 
around 15 [3]. Note that the respeetive values for the aneehoie ehamber are not known 
preeisely and are frequeney dependent. 

In many eases, the path gain factor, F, is between 2 dB and 4 dB. Initial eval¬ 
uation of the data shows that the measured data diverged an average of + 1.7 dB from the 
ealeulated data. However, measurements are based on linear (vertieal and horizontal) 
polarization, while software predietions were made for eireular polarization. Therefore 
the measured data should show peak gains (for linear polarization) about 3 dB lower than 
peak gains for eireular polarization. Under perfeet test eonditions, the measured data 
would not exeeed values ealeulated by software. Differenees observed are explained by 
the multipath effeet outlined above. Sinee differenees are far more prominent for hor¬ 
izontal polarization than for vertieal polarization, values measured for horizontal polar¬ 
ization have not been ineluded in the eomparison. Similarly, only the ealeulated total 
field magnitude and the LHCP field magnitude values were ineluded, sinee LHCP is the 
preferred eireular polarization type for NPSAT-1. 

The reeeiving antenna measurements show a mean value of 78.3° for the 0-dB 
beamwidth while the predieted mean value is 99.3°. In addition, the measured 3-dB 
beamwidth was 52.6° but was 78° for ealeulated data. The average value of the measured 
0-dB beamwidth was 21.1% lower than the predieted value, and the measured 3-dB 
beamwidth was 32.4% lower than the predieted value. Furthermore, the mean value for 
maximum measured gain was 4.72 dB, while the predieted value was 6.93 dB. This 
shows a 31.8% (2.21 dB) differenee between measured and predieted values. Note that 
the theoretieal differenee for pure LHCP and linear polarization measurements without 
multipath should have been exaetly 3 dB. Therefore, peak gain measurements are 
remarkably elose (less than 1-dB differenee) to predieted values. The beamwidth diff¬ 
erenees are also a eonsequenee of the measurements using linear polarization rather than 
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circular polarization. Note that beamwidth measurements produced percentage differ¬ 
ences comparable to differences in measured and predicted peak gain, which are due to 
the linear (measured) versus circular (predicted) polarization. However, since the ground 
stations will use linear polarization, the measured results for linear polarization are rep¬ 
resentative of the performance that can be expected from these antennas in actual use on 
NPSAT-1. 

For the transmitting antenna, mean values of the 0-dB beamwidth measured and 
predicted data were 82.6° and 108.3°, respectively. The difference is 23.7%. For the 3-dB 
beamwidth, the values are 57.6° and 88°, respectively, and the difference is 34.4%. In 
addition, mean values for maximum gain were 6.63 dB for measured data and 8.42 dB for 
calculated data, with a difference of 21.2% (1.79 dB). 


Table 4 shows the result for the measured and the estimated data. 
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Table 4. 0-dB and 3-dB Beamwidths (in degrees) and Maximum Gain Levels 
(in dBi) for Transmitting and Receiving Antennas 
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V. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 

The measurements and FDTD software models validated the NPSAT-1 antenna 
system design. The antenna system design satisfies the NPSAT-1 requirements for 
impedance bandwidth, low profile, and broad radiation patterns. The design also satisfies 
the pre-launch specification of fitting into the EPAS canister. The measured SWR was 
1.89 for the transmitting antenna and 1.77 for the receiving antenna. These values are 
also within the NPSAT-1 SWR requirement of maximum SWR of 2:1. The feed system 
for the antennas consists of two simple SMA connectors soldered to the patches, mounted 
on the ground plane. Hence, the necessary RF power connection to the antennas can be 
easily achieved. 

The prototype antenna radiation patterns were validated by the comparison of 
anechoic chamber pattern measurements with those generated by the FTDT software. 


B, RECOMMENDATIONS 

All measurements were performed on prototype antennas. These antennas have 
some small differences from the original design as discussed in Chapter II. The prototype 
antennas were not tested against vibration and shock, electromagnetic compatibility 
(EMC), or thermal environment specifications. Furthermore, the antenna system should 
be tested with the final space-flight-ready NPSAT-1, to compare its final radiation pat¬ 
terns and power gains to those presented in this thesis. Tests similar to those detailed in 
this thesis can be performed when measuring the coupling between the antennas, al¬ 
though such measurements may be difficult, as the predicted coupling is very low (below 
-30 dB). In addition to the tests mentioned above, a top-to-bottom mutual coupling test 
can be performed to analyze the effects of the two separate antenna systems, which will 
be installed on the top and the bottom of the satellite. 
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